Purpose The sperm membrane undergoes extensive surface remodeling as it matures in the epididymis. During this process, the sperm is encapsulated in an extensive glycocalyx layer, which provides the membrane with its characteristic negative electrostatic charge. In this study, we develop a method of microelectrophoresis and standardize the protocol to isolate sperm with high negative membrane charge. Methods Under an electric field, the percentage of positively charged sperm (PCS), negatively charged sperm (NCS), and neutrally charged sperm was determined for each ejaculate prior to and following density gradient centrifugation (DGC), and evaluated for sperm DNA damage, and histone retention. Subsequently, PCS, NCS, and neutrally charged sperm were selected using an ICSI needle and directly analyzed for DNA damage. Results When raw semen was analyzed using microelectrophoresis, 94 % were NCS. In contrast, DGC completely or partially stripped the negative membrane charge from sperm resulting PCS and neutrally charged sperm, while the charged sperm populations are increased with an increase in electrophoretic current. Following DGC, high sperm DNA damage and abnormal histone retention were inversely correlated with percentage NCS and directly correlated with percentage PCS. NCS exhibited significantly lower DNA damage when compared with control (P < 0.05) and PCS (P < 0.05). When the charged sperm population was corrected for neutrally charged sperm, sperm DNA damage was strongly associated with NCS at a lower electrophoretic current. Conclusion The results suggest that selection of NCS at lower current may be an important biomarker to select healthy sperm for assisted reproductive treatment.
Introduction
Mature mammalian sperm generally carry a net negative surface charge [1] , and migrate toward the anode during electrophoresis [2] . One of the most interesting observations about this negative potential is that the charge is not a fixed property of the sperm, but rather is a dynamic characteristic that is acquired by the sperm during its development [3] . Bedford [4] first reported that the net negative charge is acquired during the maturation of the sperm within the epididymis, and it is now recognized that sperm undergo a number of modifications during transit through the male and female reproductive tracts [5, 6] . Some of these modifications occur directly to the membrane, a unique property of sperm that is distinct from somatic cells. Modifications to the sperm membrane have been reported during maturation in the epididymis, and during capacitation and acrosome reaction in the female reproductive tract [7] [8] [9] .
Broader changes in membrane configuration during sperm maturation are important for various cellular interactions, such as cell-to-cell recognition, and sperm-egg interaction during fertilization [10, 11] . The negative charge on the sperm surface also prevents the sperm from aggregation, non-specific binding to the female reproductive tract, and storage [12] .
The phenomenon of sperm maturation is viewed primarily as nuclear protein exchange [13] , nuclear compaction [14] , and membrane or surface modifications [9, 15, 16] . One of the most important modifications to the sperm membrane is the accumulation and encapsulation of glycocalyx over the sperm surface [9, 17] . In mammalian species, CD52, a bipolar glycopeptide of epididymal origin, forms a major component of the sperm glycocalyx [12] . CD52 is a highly sialated glycosylphosphatidylinositol-anchored protein that is acquired during epididymal transit and is located on the sperm plasma membrane [9, 18] . During sperm maturation, the lipidanchored CD52 antigen is transferred to the sperm membrane [9, 19] . The highly glycosylated sialic acid residues form a 20-60 nm thick negative covering around the sperm, providing a negative charge of −16 to −20 mV [20, 21] .
It is thought that the presence of high concentrations of sialic acid residue on the sperm membrane reflects normal spermatogenesis and sperm maturation. Such sperm have higher net negative charge when compared with abnormal and immature sperm [18] . Selection of mature sperm based on differences in sperm membrane charge has been employed by two methods, the Zeta test [22, 23] and electrophoretic sperm separation [24, 25] . Sperm with high negative membrane charge have been shown to be morphologically normal, contain high protamine content [26] and have low levels of DNA damage [24, [26] [27] [28] [29] . Charge-separated sperm have been successfully used for assisted reproductive treatment [25, 30] and resulted in a successful pregnancy following multiple ART failures using conventional sperm selection methods [30, 31] .
It is well known that sperm selection is an essential part of all assisted conception procedures. Currently, selection for ART mainly relies on selecting motile and morphologically normal sperm. Despite the global use of these conventional sperm selection approaches, it has become evident that sperm selection based on motility and morphology alone inefficiently identifies the most suitable sperm for fertilization [32] . Recently, several molecular features of the sperm such as hyaluronic acid binding, annexin V labeling, ultrastructure at high magnification, membrane charge, and zeta potential have been associated with sperm function and are considered as potentially important markers for selection [22, 24, 25, 33, 34] . Inclusion of these molecular markers along with the conventional method of sperm selection has shown potential promise to improve ART outcomes [35] [36] [37] [38] .
Elzectrophoretically isolated sperm have been demonstrated to have low DNA damage [24, 29] and suggested to be a more promising sperm selection method for assisted reproductive treatment [30] . Recently, we showed that selection of negatively charged sperm through microelectrophoresis has the potential to isolate sperm relatively free of DNA damage, and that in IVF cycles not utilizing microelectrophoresis for sperm selection, the percentage of negatively charged sperm was positively associated with fertilization rate and blastocyst development and inversely associated with embryo arrest [39] . In addition, we observed that implantation rate and clinical pregnancies rate were higher in patient groups with increased negatively charged sperm [39] . The aim of this study is to optimize the microelectrophoresis sperm selection method to isolate good quality sperm with high negative charge.
Materials and methods

Study population and semen analysis
Seventy-one infertile men undergoing infertility diagnosis were included in the study. The Institutional Review Board governed by the University of Utah approved this study. This study was conducted at the Andrology and IVF laboratories of the University of Utah between January 2013 and April 2014. Sperm samples for research were obtained after each couple gave written consent. Semen samples were collected from infertile men after 2-5 days of recommended abstinence. After liquefaction, routine semen analyses were performed according to WHO guidelines [40] .
Sperm used for microelectrophoresis
Raw semen and sperm prepared by density gradient centrifugation (DGC) were used for microelectrophoresis. Semen was processed using a two-step discontinuous DGC (90-35 %; Irvine Scientific, California, United States). Two milliliters of semen was layered on 1.5 mL (90 %) and 1.5 mL (35 %) layers and centrifuged at 400 g for 15 min. The sperm collected after DGC were adjusted to a concentration of 20 million/ mL using Quinn's sperm washing media (CooperSurgical, CT, USA). Approximately, 10-15 μl of raw semen and DGC-prepared sperm was used for inoculation in the microelectrophoresis.
Microelectrophoresis instrumentation
The microelectrophoresis instrument consists of three parts [39] : (1) the power supply, consisting of a basic power-pack unit that can control and supply 0-300 V and 0-300 mA of electricity, (2) the reusable connecting electrodes are used to connect the electrophoresis unit to the power supply, and (3) the disposable sterile electrophoresis unit consists of (a) electrophoresis chamber, (b) egg injection chambers, and (c) bubble restriction chambers (Fig. 1) .
Microelectrophoresis sperm separation
The basic methodology for microelectrophoresis is essentially the same as ICSI sperm selection procedure. The microelectrophoresis apparatus was set-up on the ICSI stage of an inverted microscope and sperm were viewed at 200× magnification and picked up with a beveled, glass ICSI pipette connected to a CellTram Vario manual microinjector (Eppendorf). Two milliliters of electrophoresis buffer (10 mM Tris, 20 mM NaOH, pH: 7.8) were added to the electrophoresis chamber. Approximately 10-15 μl sperm were added to the electrophoretic buffer and allowed to settle for 2 min. Electrophoresis was performed by applying current between 6-14 mA (increased from low to high) and a variable 30-100 V. Sperm was collected during electrophoresis (as soon as the electrophoresis was initiated and not after electrophoresis was completed). During electrophoresis, the sperm were viewed through the ICSI inverted microscope. The charge of the sperm was observed by visualizing the direction of sperm movement under the influence of current (PCS move toward cathode and NCS move toward the anode). Similarly charged sperm (PCS, NCS, or neutral) were collected into the ICSI pipette and placed on a marked glass slide for further analysis. The process was repeated until 50 PCS, NCS, and neutrally charged sperm were collected for each sample. In patients where the number of charged sperm was low, sperm were identified within the electrophoretic chamber at different microscopic field of view by moving the ICSI stage. The sperm were separated at low current first (6 mA) to ensure the isolation of sperm with a high negative charge. The current was gradually increased to facilitate the movement of sperm in the electrophoretic field. During electrophoresis, sperm were assessed for their morphology, and sperm with normal morphology and negatively charge were selected using the ICSI pipette. Subsequently, negatively charged sperm were selected at low current (6, 8 , and 10 mA) and compared with PCS and controls for DNA damage. Fifty charged sperm were collected within 3-5 min of electrophoretic exposure. The electrophoretic duration varied between patient samples and according to the availability of charged sperm. The ratio of charged sperm in the native semen and prepared sperm were examined with 200-400× magnification: 200 sperm were evaluated per sample based on their movement in the electric field and classified into PCS, NCS, and neutrally charged sperm. The results were expressed in percent (Table 1) .
Aniline blue staining
Histone retention was assessed using the aniline blue staining method. Raw semen was smeared on a glass slide, air-dried, and fixed for 10 min with 4 % glutaraldehyde in phosphatebuffered saline. Staining was performed for 5 min using a 5 % aniline blue solution that was diluted in 4 % acetic acid (approximately pH 3.5). Subsequently, slides were carefully rinsed with tap water, air-dried, and analyzed using a bright-field microscope. Overall, 200 sperm were analyzed per slide. Sperm were classified into three categories; as high, moderate, and low histone content as previously described [41] .
TUNEL assay
Measurement of sperm DNA damage was performed using the TUNEL assay as previously described by our group [42] . TUNEL assay was performed using the Fluorescein in situ Cell Death Detection kit, in accordance with the manufacturer's guidelines (Roche Diagnostics GmbH, Mannheim, Germany). Fifty sperm per charge type (PCS, NCS, and neutral) were evaluated.
Statistical analysis
Data were analyzed using SPSS version 22.0 for Windows (SPSS Inc., Chicago, IL). Data are presented as mean ± SE. Pearson's correlation coefficient was used to correlate sperm DNA damage and histone retention with the percentage of negatively (NCS) and positively (PCS) charged sperm at different electrophoretic currents (6, 8, 10, 12 , and 14 mA). To identify the effect of PCS and NCS population on the test parameters, a correction for neutrally charged sperm was performed. A percentage was drawn across PCS and NCS following elimination of the neutrally charged population at each electrophoretic current setting. R 2 values were determined by quadratic or linear line fit method and regression models, before and after correction for neutrally charged sperm. Duncan's test of multiple variants was used to compare the percentage of charged sperm (NCS, PCS, and neutral) at each electrophoretic current. Wilcoxon signed-rank test was used to compare the proportion of charged sperm in the raw semen with DGC-prepared sperm. A paired sample t test was used to compare sperm DNA damage between the charged groups and DGC-control. 
Results
Comparison of sperm charge distribution between raw semen and DGC-prepared sperm
In the native semen, an average of 89.0 ± 1.0 % of the sperm displayed a negative charge. The percentage of charged sperm varied between individuals. Under the electric field, some sperm did not move toward cathode or anode; such sperm were considered neutral or with very low +/− charge [39] . By increasing the current during electrophoresis it was possible to move the low charged sperm toward the cathode or anode. An electric field between 6 and 14 mA was found to be optimal for electrophoretically moving the sperm using microelectrophoresis. At 14 mA, 1.41 ± 0.7 % of the sperm were immobile (neutrally charged) in the electric field (Table 1) .
In the native semen (Fig. 2a) , there was an increase in the percentage of NCS (R 2 = 0.999; P < 0.001) and PCS (R 2 = 0.998; P < 0.001) with an increase in current. In contrast, the percentage of neutrally charged sperm decreased with increase in current (R 2 = −0.999; P < 0.001). A similar trend was also observed in the NCS (R 2 = 0.998; P < 0.001), PCS (R 2 = 0.983; P < 0.001), and neutral (R 2 = −0.993; P < 0.001) charged sperm population after DGC (Fig. 2b) . After DGC, there was a decrease in the percentage of NCS and an increase in the percentage of positive and neutrally charged sperm ( Table 1) . As native semen samples contained a significantly higher percentage of negatively charged sperm than DGC samples, it is likely that the process of sperm preparation by DGC removes the charged particles adhered to the surface of Comparison between native semen and DGC sperm was performed using a Wilcoxon signed-rank test the sperm membrane. The charge of the sperm was not associated to any of the sperm parameters (Table 2) .
Correlation between nucleoprotein maturation and sperm charge
We previously showed that the percentage of sperm with abnormally high histone retention was inversely associated with NCS and positively associated with PCS [39] . Here we show that the percentage of sperm with normal histone retention was positively associated with NCS and inversely associated with PCS at each electrophoretic current setting, and the relationship grew stronger with increasing current (Fig. 3a) . However, when we excluded neutrally charged sperm, the relationship was identical at all electrophoretic current settings (Fig. 3b) . Similarly, a regression model showed that the percentage of sperm with normal histone retention was positively associated with NCS (R 2 = 0.531, P < 0.001) and negatively associated with PCS (R 2 = −0.473, P = 0.008).
Correlation between sperm DNA damage and sperm charge
We previously showed that sperm DNA damage measured by TUNEL assay was negatively associated with %NCS, and positively correlated with %PCS [39] . In the current study, we found that as current is increased, this correlation becomes stronger (Fig. 4a) . The presence of neutrally charged sperm at lower voltage (6, 8, and 10 mA) reduced the correlation coefficient in both NCS and PCS. When we exclude the neutrally charged sperm, we observed a significant correlation between the NCS and PCS with DNA damage at lower electrophoretic settings (Fig. 4b ). There were no differences in the level of sperm DNA damage when sperm were picked at lower electrophoretic current settings (Fig. 5) ; however, at all current settings NCS showed significantly lower DNA damage, when compared with PCS and their corresponding DGC-control. The results were confirmed using a regression model, where the percentage of sperm with DNA damage was inversely associated with NCS before (R 2 = −0.346, P = 0.002) and after (R 2 = −0.228, P = 0.049) correction for neutrally charged sperm.
Discussion
Sperm maturation in the epididymis involves changes to the plasma membrane in the form of alterations in lipid and protein composition, modifications of surface proteins, and increased total negative charge of the extracellular surface. In this study, we aimed to optimize conditions in which sperm membrane charge may be use as a biomarker to identify a healthy sperm for ART. In the ejaculated semen, we observed that the vast majority of sperm had acquired a negative membrane charge. However, after the process of density gradient centrifugation, a partial or complete removal of the negative Pearson's correlation was used to associate the sperm charge (at 14 mA) with sperm parameters. P value <0.05 is considered statistically significant surface charge occurs, leading to an increased proportion of positively charged sperm. Here, we associate sperm charge with histone retention and sperm DNA damage at different electrophoretic current settings and optimize microelectrophoretic sperm selection method to most efficiently isolate healthy sperm suitable for ART. Sperm must traverse the epididymis to acquire motility and fertility potential [43] . In mammalian species, approximately 125 epididymal epithelial cell secretions have been identified in the form of proteins and glycoproteins [44, 45] . Accumulation of these components on the sperm membrane provides the sperm its characteristic negative charge [3, 4] .
Here, we observed that about 60 % of the sperm in the ejaculate possess negative membrane charge when observed under a low electrophoretic current setting of 6 mA. However, when the current is increased to 14 mA, 89 % of the sperm show electrophoretic mobility toward the anode. A gradual increase in the population of NCS was observed as current was increased. These findings suggest that not all sperm in the ejaculate have identical membrane charge. We also observed that less than 10 % of the sperm in the ejaculate carry a positive charge, which can be identified by the movement of these sperm toward the cathode. Our results support the notion that sperm membrane charge is a variable factor, which may depend on the accumulation of negatively charged glycoproteins to the sperm membrane.
It is well documented that some epididymal proteins are weakly associated with the sperm membrane [46, 47] , whereas others are anchored to the membrane by glycosylphosphatidylinositol sub-units [12, 48] . Modifications in membrane configuration could disrupt the association between epididymal proteins and the sperm membrane. During cryopreservation (reviewed by Leahy and Gadella [48] ,) and early capacitation [49] , modification and redistribution of molecules to the sperm membrane could also cause the loss of the epididymal proteins from the sperm surface [50, 51] , resulting in the loss of electro negativity. For the first time, we showed that the process of DGC appears to physically wash off the negative charge from the sperm, a beneficial effect for chargebased sperm selection. Interestingly, not all sperm in the ejaculate loose their negative charge. Although the process of DGC should have identical effect on all sperm, presumably the cells with a higher starting negative charge retain some of their negative charge, while the cells with low negative charge completely loose their charge to become PCS. This effect increases our ability to identify the sperm that display the highest negative charge, and thus the sperm that generally display the lowest DNA damage. This concept is supported by the observation that sperm with high negative membrane charge could be electrophoretically moved at low current (6 mA), while the immovable (neutrally charged) sperm could be moved toward the cathode or anode by increasing the electrophoretic current (Fig. 2a, b) . Our observations here are in accordance with the published literature [12, [46] [47] [48] suggesting that the epididymal proteins adhered to the sperm surface are removable.
The correlation between sperm charge (NCS and PCS) and DNA damage increased with an increase in electrophoretic current (Fig. 3a) . The stronger correlation at higher electrophoretic current is because at these settings the proportion of neutrally charged sperm is low and the majority of the sperm show electrophoretic mobility. As current is increased, the Percentage of sperm with DNA damage, when sperm were picked based on their charge using an ICSI pipette (n = 18). Negative charged sperm (−ve) was picked at three electrophoretic current settings (6, 8, and 10 mA). Columns with identical superscripts were statistically significant (P < 0.05). Comparison between the charged groups and control were performed using a paired sample t test neutrally charged sperm population attained electrophoretic mobility and were able to move toward the cathode or anode. To establish the actual correlation between the PCS and NCS with DNA damage, we corrected the sperm population for neutral charge at each electrophoretic current setting. By eliminating the neutrally charged population, we found that the correlation between sperm charge and DNA damage was stronger at lower electrophoretic current settings. A sperm becomes positively charged when it completely loses the negatively charged glycoproteins anchored/adhered on its membrane. It is well known that apoptosis is a mechanism to eliminate dysfunctional cells [52] . During apoptosis in sperm, the integrity of the membrane is lost due to the translocation of phosphatidylserine [53] , during which the phosphatidylserine is shifted from the interior to the exterior of the plasma membrane [54, 55] . In addition, apoptosis results in DNA fragmentation and degradation of cytoskeletal and nuclear proteins (reviewed by Elmore [56] ,), and affects fluidity of the plasma membrane [57] . The externalization of phosphatidylserine and loss of membrane fluidity may also facilitate the loss of epididymal glycoproteins anchored to the membrane, thereby causing a loss in negative charge. In accordance with this hypothesis, our results showed that NCS are relatively free of DNA damage when compared to PCS.
During spermatogenesis, sperm chromatin undergoes structural modifications to result in a highly condensed state [58] by the replacement of nucleo-histones by protamines [59, 60] . Here we observe that normal histone packaging increases with an increase in NCS, and conversely, the proportion of sperm with abnormal histone increases with an increase in PCS. When analyzed at different electrophoretic current settings, the correlation between abnormal histone retention and PCS grew stronger with an increase in electrophoretic current. However, this effect was comparable in all current settings, when corrected for neutrally charged sperm. Multiple studies have reported an association between sperm chromatin compaction and abnormal sperm head morphology [61] [62] [63] and acrosome abnormalities [64] . Although the compaction of the nuclear chromatin and DNA integrity are two interdependent parameters [65, 66] , some studies have reported an association between them [67, 68] . We hypothesize the loss of negative charge from the plasma membrane may be associated via an apoptosis-mediated pathway. It is evident that sperm with protamine deficiency and increased histone retention negatively affects fertilization and embryo development (reviewed by Oliva [13] ,); in light of our results, selection of NCS may be effective in identifying sperm with normal chromatin status, potentially improving ART outcomes.
Sperm membrane charge has been exploited by two other methods of sperm selection, Zeta test [22, 23] and electrophoretic sperm separation [24, 25] . Use of NCS selected by Zeta method resulted in an improvement in fertilization, implantation, and pregnancy rates [31, 36] , suggesting that selection of sperm with a high negative charge could aid in the isolation of mature and healthy sperm for ART.
In humans, binding of the epididymal secretions to the sperm membrane is functionally important for zona binding [69] , oocyte fusion [70] , and fertilization [71] . Defects in the uptake of epididymal secretions onto the sperm membrane have been reported in patients with abnormal sperm parameters [72] . In this study, we used the negatively charged epididymal glycoproteins as a biomarker to identify healthy sperm. The electrophoretic buffer used here is hypotonic, which may induce osmotic stress to sperm. We performed electrophoresis by substituting Quinn's sperm media for electrophoresis buffer and likewise observed electrophoretic mobility of the sperm. In Quinn's media, the electrophoretic mobility of the sperm was reduced, presumably due to the lower ionic concentration. We also observed that the sperm motility is altered before and after five minutes of electrophoresis. Further studies are required to optimize the electrophoresis buffer and to evaluate the safety of the sperm selected using microelectrophoresis. Our findings in this study show that selection of highly negatively charged sperm is now possible through microelectrophoresis, which is an extremely versatile, quick, easy to use method that does not require complex instruments. Selection of sperm with a high negative charge may serve as a non-invasive biomarker for selecting non-apoptotic sperm; however, this proof-of-principle has yet to be confirmed in the context of ART.
